We demonstrate room temperature photonic crystal lasers based on high-Q nanobeam cavities. L-L curve shows the lasing threshold of ~0.6mW and the spontaneous emission factor larger than 0.3.
Introduction
Photonic crystal (PhC) cavities, with small mode volumes (V) on the order of cubic wavelength (Ȝ/n) 3 and high Quality (Q) factors, are promising candidates for realization of high-speed, low-threshold lasers. Moreover, threshold-less lasing is also possible in these structures due to large spontaneous emission factor (ȕ) enabled by large Q/V. Most photonic crystal lasers demonstrated so far have been based on two-dimensional (2D) photonic crystal slabs. Recently, however, photonic crystal nanobeam cavities have emerged as an alternative geometry, capable of achieving even larger Q/V ratios, in much smaller footprint [1, 2] . Here we show, for the first time, laser action in PhC nanobeam cavities fabricated in III-V material.
Design and fabrication
Photonic crystal nanobeam lasers are designed using the same approach as in Ref. [1] . Three dimensional finitedifference time-domain (FDTD) modeling is used to design the cavity that supports mode with mode volume of V=0.32(Ȝ/n) 3 , and Q>8,000,000 (Fig. 1) . Our cavities are fabricated in 330nm thick, MOCVD grown, In 0.53 (Al 0.4 Ga 0.6 ) 0.47 As slab that contains four compressively strained In 0.58 Ga 0.42 As quantum wells placed at the center of the slab. Active layer emission is maximized at wavelength of 1.59μm, and is transverse-electric (TE) polarized due to the strain. The slab is grown on top of a 1μm thick sacrificial InP layer. Top-down fabrication sequence, based on e-beam lithography (using negative Foxx resist) followed by ICP reactive ion etching (BCl 3 /HBr chemistry) is used to realize the structures. The remaining mask layer is then removed in HF, and nanobeams are released in 3:1 HCl:H 2 O solution at 11ºC. Fabricated final structures are shown in Fig. 1(b) . The pattern consists of 10 nanobeams supported by the two pads located aside. 
Measurements
The samples are photopumped at room temperature with a 660nm pulsed laser diode. The pulse width and repetition rate are 9ns and 800kHz respectively, corresponding to a duty cycle of 0.72%. The pump beam is focused to a ~4μm diameter spot via a 100X objective lens, and the emitted light is collected via the same objective lens and analyzed using optical spectrum analyzer (OSA), infrared camera, and IR detector.
In Fig. 2(a) , we show the output power as a function of the pump power (L-L curve) for one of the beams. The beam emits at 1571.2 nm that is close to maximum gain of the quantum wells. The threshold power is measured to be ~0.62mW. Next, we evaluate the Q factor close to the threshold, in the transparency region. Fitting the emission spectrum to a Lorentzian curve, we evaluate the full width at half maximum (FWHM) of the cavity to be 0.124nm, which corresponds to Q =12,700. This is much smaller value than the designed Q factor, and is most likely limited by the resolution linewidth of the OSA used (0.1nm). Therefore, we expect the actual Q to be larger than this value.
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In order to unambiguously attribute the lasing action to localized defect modes we perform the following analysis: first, NIR camera is used to image mode profiles at different pump levels ( Fig. 2(a) ). It can be seen that the emission spot is well localized at the center of the beam. Next, we show in Fig. 2(b) the dependence of the output power on the pump beam position. As the pump beam is moved away from the center of the cavity, the beam intensity decreases rapidly and finally vanishes. Here the slightly cylindrical shape of the image is due to the cylindrical shape of the pump beam we use. It can be seen that the spot size of the pump beam is much larger than the mode volume of the cavity. Moreover, this result allows us to evaluate the effective pump power (the overlap of the pump beam with the nanobeam) from this figure. Finally, Fig. 2(c) shows the polarization dependence of the emission beam. The beam is partially polarized, as expected from the simulation (Fig. 1) . In Fig. 3 , we evaluate the spontaneous emission factor by comparing the experimental L-L curve with theoretical predictions from rate equations [3, 4] . The Q factor is set as 20,000. From the plot, we find the spontaneous emission factor is around 0.3, which is relatively high compared with Ref. [3] . It can be attributed to the single mode in a wide frequency range in nanobeam photonic crystal cavity. 
